Introduction {#s0005}
============

After neutrophil activation by either a soluble or phagocytosable stimuli, membrane-associated NADPH oxidase conveys electrons from cytosolic NADPH to molecular oxygen that is found as extracellular and/or intraphagosomal O~2~^−^ [@bib1] NADPH oxidase activity is electrogenic and determines an intracellular accumulation of positive charges that would cause a sharp decrease in pH~*i*~ and membrane depolarization to values (∼ +190 mV) incompatible with the functioning of NADPH oxidase [@bib2; @bib3], in the absence of a compensatory charge. It has been suggested that H^+^ efflux mediated by activation of voltage-gated proton channels (Hv1) provides most of the compensatory charge [@bib4; @bib5]. This conclusion is based on experiments using Zn^2+^, the most potent and widely used Hv1 inhibitor, which has been reported to inhibit both H^+^ currents and superoxide/hydrogen peroxide production in human and mice neutrophils [@bib2; @bib6; @bib7; @bib8]. More recently, neutrophils from Hv1-deficient mice have also been shown to produce less superoxide and hydrogen peroxide than neutrophils from wild-type mice [@bib7; @bib8; @bib9]. However, there are two observations indicating that H^+^ efflux via Hv1 channels may not be the sole method by which a membrane potential compatible with normal functioning of NADPH oxidase is maintained. (1) It has been estimated that in the absence of any compensatory mechanism, the RB would cease when depolarization increases from the resting potential of −60 mV to approximately +200 mV, and this phenomenon can occur in less than 20 and 250 ms in eosinophils and neutrophils, respectively [@bib2; @bib10]. This conclusion is in contrast with the results of two studies in which the PMA-induced RB measured as luminol-dependent chemiluminescence was not inhibited but rather slightly stimulated by Zn^2+^ [@bib11; @bib12] (see discussion). (2) In the absence of charge compensation, membrane depolarization would reach values (\> +100 mV) that generate an electric field across the plasma membrane that would cause most insulators to irreversible collapse [@bib3]. In fact, membrane rupture has been reported to occur under an applied voltage, which usually ranges from 100 to 1000 mV [@bib13; @bib14]. Hence, charge compensation following neutrophil activation would be indispensable not only to sustain NADPH oxidase activity but also to prevent membrane damage. There is no reported evidence of loss of membrane integrity in human neutrophils incubated with Zn^2+^ or neutrophils from Hv1-knockout mice, after stimulation with PMA. Therefore, we considered the possibility that ancillary mechanisms might exist in neutrophils to sustain charge compensation when Hv1 channels are inhibited or absent. In this paper we have examined this hypothesis.

The results of our studies suggest that, in the absence of proton efflux, a hitherto unpredicted mechanism of charge compensation relying on intracellular shunting of O~2~^−^ down the electrochemical gradient contributes to dampen excessive depolarization and intracellular proton accumulation.

Materials and methods {#s0010}
=====================

Reagents {#s0015}
--------

ZnCl~2~, cell culture tested, PMA, BSA (\> 96%, cell culture tested), HRP, SOD from bovine erythrocytes, cytochrome *c* (type VI, from horse heart), DHR, glutaraldehyde, and Percoll were obtained from Sigma Chemical Co. (St. Louis, MO). The cyanine dye di-O-C~5~(3), the pH-sensitive dye BCECF-AM and Amplex^®^ Red reagent was purchased from Invitrogen Ltd. (Paisley, UK). ZnCl~2~ was dissolved to a concentration of 0.5 M in 0.029 M HCl according to the manufacturer\'s instruction. DHR was dissolved in DMSO (30 mM stock solution) and stored in aliquots at −20 °C. All other reagents and chemicals were of the highest purity grade available. All solutions were made in endotoxin-free water or physiologic saline (0.9% NaCl) for clinical use.

Isolation of neutrophils {#s0020}
------------------------

Blood was withdrawn from healthy volunteers after having obtained their written informed consent. Neutrophils were isolated by a discontinuous Percoll gradient centrifugation, as previously described [@bib15], and suspended in Ca^2+^- and Mg^2+^-free HEPES-buffered saline solution (HBS) containing 140 mM NaCl, 5 mM KCl, 5 mM glucose, 5 mM HEPES (pH 7.4), and 0.2% BSA (HBS-BSA). Cell suspensions were washed in HBS immediately before use, and subsequently suspended in the same medium supplemented with 1 mM CaCl~2~ and 1 mM MgCl~2~.

Measurement of adhesion {#s0025}
-----------------------

Adhesion of neutrophils was determined in wells (flat-bottom polystyrene MaxiSorp Nunc-Immuno™ Modules; Thermo Fisher Scientific Inc., Waltham, MA) precoated with HBS-BSA, as described previously [@bib15]. Briefly, 75,000 neutrophils in 100 μl HBS were dispensed into each well. After equilibration at 37 °C for 10 min, 50 µl ZnCl~2~ or 50 µl HBS were added to each well and incubation was continued for 45 min. At the end of the incubation, the wells were filled with PBS, sealed with 8-cap strips and centrifuged upside-down at 200*g* for 5 min. The wells were then flicked empty and the adherent cells were quantified by measuring myeloperoxidase activity. Standards with known cell numbers were run in parallel for a quantitative determination of adherent cells.

Adhesion was also examined by phase-contrast microscopy. For these experiments, eight-chamber tissue culture treated glass slides (Becton Dickinson Labware, NJ) were used. The slides were coated with HBS-BSA before use. Neutrophils, 0.12×10^6^ cells/chamber in HBS in a final volume of 0.3 ml, were incubated in the absence or presence of various Zn^2+^ concentrations. After 60 min of incubation, the medium was gently sucked out and the cells were fixed with 0.2% glutaraldehyde in PBS. After removal of the chamber, a coverslip was applied and the cells were examined by phase-contrast microscopy (Nikon Eclipse E600 microscope equipped with a Nikon Coolpix 995 digital camera, Nikon Europe B.V. The Netherlands).

PLB-985 cells {#s0030}
-------------

Two PLB-985 clones E9 and F2 were generously donated by Dr. Gábor L. Petheö (Semmelweis University, Budapest, Hungary). These clones were obtained after stable transfection with plasmids containing a puromycin resistance gene and a short hairpin RNA (shRNA) sequence encoding either a control Hv1 sequence (F2) or a minimally altered control sequence (E9). Clone F2 had strongly reduced expression of Hv1 compared to clone E9; expression of different phox subunits (Nox2, p22^phox^ and p47^phox^) was comparable in the two clones [@bib16].

For differentiation into neutrophil granulocytes, the cells (0.3 ×10^6^/ml) were incubated for 5 days in the culture medium without FCS, supplemented with 0.5% v/v dimethylformamide.

Measurement of oxygen consumption {#s0035}
---------------------------------

Oxygen consumption was measured polarographically with a Clark-type oxygen electrode (Yellow Spring Ins. Co., OH) in a plastic vessel thermostated at 37 °C under continuous stirring [@bib17]. The incubation medium contained 5 μg/ml SOD and 100 μM NaN~3~. The assay was carried out with 3.5--5×10^6^ neutrophils suspended in 1 ml (final volume) of HBS. After a stable base line was obtained (3--5 minutes), the RB was triggered by 100 ng/ml PMA. When required, 100--300 μM ZnCl~2~ was added 30 s before the stimulus.

Assay of O~2~^−^ production {#s0040}
---------------------------

O~2~^−^ production was measured by a SOD-inhibitable cytochrome *c* reduction assay, as previously described [@bib18]. Briefly, 75,000 neutrophils in 50 µl HBS were added to BSA-coated wells containing 50 µl of 0.36 mM cytochrome *c* in the same medium and 25 µl of ZnCl~2~ or HBS. After 30 s the assay was started by the addition of 25 µl of PMA (final concentration, 25 ng/ml) or HBS. The plate was then incubated at 37 °C in a thermostated microplate reader (Multiskan MCC/340; Labsystem Oy, Helsinki, Finland) and readings taken at 550 and 540 nm.

Measurement of extracellular and total H~2~O~2~ production {#s0045}
----------------------------------------------------------

Hydrogen peroxide production was measured using Amplex Red reagent [@bib19]. To assess extracellular H~2~O~2~, 50 μl neutrophils (0.5×10^6^ cells/ml in HBS) were added to BSA-coated wells containing 40 µM Amplex Red reagent, 1 µg/ml HRP, and 5 µg/ml SOD in a final volume of 150 µl. To assess total H~2~O~2~, 100 µM NaN~3~ was also included in the assays. After 30 s preincubation with ZnCl~2~, PMA (final concentration, 25 ng/ml) was added, and readings were taken at 576 nm using a thermostated (37 °C) microplate reader.

Evaluation of O~2~^−^ scavenging activity of ZnCl~2~ {#s0050}
----------------------------------------------------

The scavenging effect of ZnCl~2~ was investigated using the xanthine--xanthine oxidase system. Superoxide generation by the xanthine--xanthine oxidase system was measured by a cytochrome *c* reduction assay as previously described [@bib20] with slight modifications. Xanthine (0.05 mM final concentration), cytochrome *c* (0.02 mM final concentration) and, when needed, ZnCl~2~ were added to microplate wells and the reaction was started by the addition of xanthine oxidase (0.004 U/ml, final concentration) to reach the final volume of 150 µl of HBS. Final concentration of SOD, added as a positive control, was 5 µg/ml. The plate was incubated at 37 °C in a thermostated microplate reader and readings were taken at 550 nm and 540 nm at the selected times.

Hydrogen peroxide production by the xanthine--xanthine oxidase system was measured by the oxidation of DHR in the presence of HRP. The assay medium, with the exclusion of cytochrome *c*, was the same as that used for O~2~^−^ generation. The reaction was started by the addition of xanthine oxidase (0,001 U/ml) in a final volume of 200 µl HBS. Final concentration of SOD was 5 µg/ml. The plate was incubated at 37 °C and, at the selected times, 25 µl-aliquots were taken from each well and diluted in HBS (final volume 150 µl) containing 20 µM DHR and 1 µg/ml HRP. Dilutions were then read in a thermostated microplate fluorescence reader (Tecan Infinite F200; Tecan Austria GmbH, Grödig, Austria) at 485 nm (ex) and 535 nm (em).

Evaluation of intracellular ROS production {#s0055}
------------------------------------------

Intracellular generation of H~2~O~2~ was assessed using a DHR assay [@bib21; @bib22; @bib23]. Neutrophils, 1.5×10^6^ cells/ml in HBS, were loaded with 2 μM DHR under agitation for 5 min at room temperature in the dark. A 50-µl sample of the cell suspension was distributed in each well of a plate coated with BSA and containing 2 µM DHR, 500 U/ml catalase, and ZnCl~2~ at the desired concentrations in a final volume of 150 µl at 37 °C. After equilibration for 30 s, the reaction was started by the addition of PMA (final concentration, 25 ng/ml). Subsequently, readings were taken with a thermostated microplate fluorescence reader.

Intracellular generation of ROS was also assessed using a luminol-amplified chemiluminescence assay in the presence of catalase and superoxide dismutase in 96 well plates as described [@bib24]. The assay medium (HBS) contained 75.000 neutrophils, catalase (500 U/ml) superoxide dismutase (5 μg/ml) and 75 μM luminol. Gramicidin was used at 1 μg/ml. ZnCl~2~ was added 30 s before starting the reaction with 25 ng/ml PMA. The final volume was 0.175 ml. Readings were taken at room temperature using a MicroBeta Trilux liquid scintillation counter (Wallac, Turku, Finland).

Measurement of membrane potential {#s0060}
---------------------------------

Changes in membrane potential were measured by fluorescence spectrophotometry as described previously [@bib25]. The assay was performed at 37 °C under continuous stirring using a 650-10S spectrophotofluorimeter (Perkin Elmer, Norwalk, CT). Neutrophils, 0.5×10^6^/ml, were equilibrated with di-O-C~5~(3) (final concentration, 0.5 μM). Fluorescence was monitored continuously at 460 nm (ex) and 510 nm (em). Once the level of fluorescence of resting neutrophils reached a plateau, PMA (final concentration, 10 ng/ml) was added to the incubation mixture. ZnCl~2~ was added 30 s before PMA wherever indicated.

Measurement of intracellular pH {#s0065}
-------------------------------

Changes in pH~*i*~ were assayed by fluorescence spectrophotometry as described previously [@bib26] using neutrophils loaded with the pH-sensitive dye BCECF-AM. Neutrophils (8×10^6^/ml in HBS-BSA) were incubated for 30 min at 37 °C with BCECF-AM (final concentration, 4 μM). On completion of the incubation, the cells were washed twice in HBS and suspended at 5×10^6^/ml in the same medium. The reaction mixture (final volume, 1 ml) contained 2.5×10^6^ cells and 1 μM NHA to block the contribution of the Na^+^/H^+^ antiporter to pH~*i*~ changes. After 5 min preincubation at 37 °C under continuous stirring, PMA (final concentration, 10 ng/ml) was added and changes in fluorescence were followed using a 650-10 S spectrophotometer (Perkin Elmer, Norwalk, CT). ZnCl~2~ was added 30 s before PMA wherever indicated. The K^+^/nigericin method described by Thomas et al. [@bib27] was used to calibrate pH~*i*~.

Statistical analysis {#s0070}
--------------------

Statistical significance was tested by Student\'s *t* tests calculated using GraphPad Prism 5.0 (GraphPad Software, San Diego, CA). Values of *p*\<0.05 were considered statistically significant.

Results {#s0075}
=======

Preliminary observations {#s0080}
------------------------

While setting up the assays to test the effect of Zn^2+^ on RB, we fortuitously noticed that in the presence of 1 mM ZnCl~2~ a flocculate became apparent in the incubation medium. Such a flocculate increased with increasing Zn^2+^ concentrations and was dependent on the presence of BSA (Supplementary [Fig. 1](#s0125){ref-type="sec"}). Therefore, we decided to carry out all experiments in BSA-free medium. We also observed that Zn^2+^ caused cell aggregation at a concentration of 1 mM (Supplementary [Fig. 2](#s0125){ref-type="sec"}A and B). Such an aggregation is most likely responsible for the remarkable decrease in the density of events (−78% of control) observed after flow cytometric analysis of cells incubated with 1 mM ZnCl~2~ (Supplemental [Fig. 2](#s0125){ref-type="sec"}C and D) and the appearance of a number of events with high SSCH and FSCH. Zinc also stimulated adhesion in a dose-dependent manner with a maximal response at 0.1--0.3 mM ([Fig. 1](#f0005){ref-type="fig"}A). At a concentration of 0.3 mM of the cation, the cells appeared flattened on the surface with marked spreading at 1 mM Zn^2+^ ([Fig. 1](#f0005){ref-type="fig"}F--H). ZnCl~2~ did not stimulate generation of O~2~^−^(Supplemental [Fig. 3](#s0125){ref-type="sec"}) indicating that such an adherence was not sufficient to activate the respiratory burst.

In light of these observations, and aiming to minimize the possible non-specific effects of Zn^2+^, we decided to use Zn^2+^ concentrations not higher than 0.3 mM in subsequent experiments. These concentrations have been shown to strongly inhibit H^+^ currents in neutrophils [@bib28] and other cell types [@bib29; @bib30].

In this study we decided to use PMA as an agonist because of the need to compare our results with those reported in the literature that have been carried out with this agonist. In addition, use of other agonists appeared quite problematic. In fact, phagocytosable particles could not be used, since zinc markedly inhibits phagocytosis ([@bib31; @bib32; @bib33; @bib34]; our unpublished observations). Regarding other stimuli (e.g., cytokines, such as IL-8, TNF, GM-CFS, or FMLP) it is known that activation of RB by these agonists, at variance with that induced by PMA, depends on or is strongly influenced by adherence. In this paper we show that Zn^2+^ affects both adherence and aggregation (see [Fig. 1](#f0005){ref-type="fig"}) and therefore this may be a confounding factor in the interpretation of the results obtained with the above agonists.

Effect of Zn^2+^ on the RB measured as oxygen consumption {#s0085}
---------------------------------------------------------

Oxygen consumption is very likely the most accurate assay of NADPH oxidase activity as it measures the total flux of electrons from NADPH to O~2~. We optimized the assay in order to detect all oxygen taken up by the cells and reduced to H~2~O~2~, as previously described [@bib17]. This was done by including in the incubation medium both SOD, which converts extracellular O~2~^−^ into H~2~O~2~ (see below, next paragraph) and NaN~3~, which prevents H~2~O~2~ degradation by catalase and myeloperoxidase. [Fig. 2](#f0010){ref-type="fig"}A shows that Zn^2+^ does not appreciably inhibit oxygen consumption. The data summarized in [Fig. 2](#f0010){ref-type="fig"}B and C confirm that Zn^2+^ does not affect oxygen consumption measured either as *V*~max~ or as cumulative uptake after 5 min of incubation when more than 40% of the oxygen available in the sample chamber is consumed Zn^2+^.

Effect of Zn^2+^ on extracellular generation of O~2~^−^ and H~2~O~2~ {#s0090}
--------------------------------------------------------------------

The cytochrome *c* reduction assay and the Amplex Red assay were used to measure O~2~^−^ and H~2~O~2~, respectively. With these assays, only the extracellular ROS are detected. [Fig. 3](#f0015){ref-type="fig"}A shows that the PMA-induced O~2~^−^ production was dose-dependently inhibited by Zn^2+^. After 30 min of incubation, inhibition by 0.05 mM and 0.3 mM Zn^2+^ was ∼33% and ∼64%, respectively. The effect of Zn^2+^ was not due to interference with the reduction of cytochrome *c* as a result of a scavenging effect or of a SOD-like activity. In fact, we demonstrate that Zn^2+^ up to 0.1 mM concentration has no effect on the reduction of cytochrome *c* by O~2~^−^ generated by xanthine--xanthine oxidase and a modest inhibitory effect at a concentration of 0.3 mM (∼17% inhibition at 8 min of incubation; [Fig. 3](#f0015){ref-type="fig"}C). Furthermore, the amount of H~2~O~2~ generated by the same enzymatic system increased with SOD but not with Zn^2+^ ([Fig. 3](#f0015){ref-type="fig"}D), thus ruling out a possible SOD-like activity of the cation.

The Amplex Red assay was carried out in the presence of SOD to convert all extracellular O~2~^−^ into H~2~O~2~. The rationale for including SOD is that the rate constant for spontaneous dismutation of O~2~^−^ at pH 7.4 is low (1×10^5^ M^−1^s^−1^) compared with that measured in the presence of SOD (2×10^9^ M^−1^s^−1^) [@bib35], thus making it possible that not all O~2~^−^ produced undergoes dismutation to H~2~O~2~ at physiological pH, in the absence of SOD. Indeed, H~2~O~2~ production by PMA-activated neutrophils has been shown to be higher in cells incubated with SOD than in its absence [@bib21]. Zinc inhibited the PMA-induced RB also when measured as H~2~O~2~ production ([Fig. 3](#f0015){ref-type="fig"}B). Such an inhibition displayed a dose-response similar to that observed for the superoxide assay ([Fig. 3](#f0015){ref-type="fig"}A).

The above data reveal that a discrepancy exists among the results on Zn^2+^ effect on the RB, depending on whether it is measured as oxygen consumption or production of extracellular ROS.

Effect of Zn^2+^ on total H~2~O~2~ production {#s0095}
---------------------------------------------

Total H~2~O~2~ production, i.e., extracellular plus intracellular ([Fig. 4](#f0020){ref-type="fig"}), was measured by including in the incubation medium both SOD and NaN~3~ for reasons stated above and in the previous paragraph, respectively. Under these conditions, 0.02--0.1 mM Zn^2+^ had no effect on PMA-induced H~2~O~2~ production. Inhibition by 0.3 mM Zn^2+^ was relatively noticeable but less marked than that observed when extracellular H~2~O~2~ was measured ([Fig. 3](#f0015){ref-type="fig"}B). The results on total H~2~O~2~ production are in good agreement with those obtained by measuring oxygen consumption ([Fig. 2](#f0010){ref-type="fig"}), and raise a query on whether they can be reconciled with the data on extracellular ROS production ([Fig. 3](#f0015){ref-type="fig"}A and B) in which a dose-dependent inhibition by zinc was observed. By comparing the results of [Figs. 3](#f0015){ref-type="fig"}B and [4](#f0020){ref-type="fig"} it appears that control cells produce comparable amounts of extracellular (64.9±11.7 SEM nmoles/10^6^ cells/30 min) and total (69.0±12.8 SEM nmoles/10^6^ cells/30 min) H~2~O~2~, indicating that almost all H~2~O~2~ produced following PMA stimulation is of extracellular origin. The finding that zinc inhibits extracellular but not total H~2~O~2~ production, suggests that, when Hv1 channels are blocked, part of the H~2~O~2~ produced is of intracellular origin. We hypothesize that in the absence of charge compensation by Hv1, as the transmembrane potential reaches high positive values and the pH~*i*~ decreases, part of O~2~^−^ generated by the flavocytochrome *b* component of NADPH oxidase embedded in the plasma membrane could itself preclude drastic depolarization by moving into the cytoplasm down the electrochemical gradient ([Fig. 9](#f0045){ref-type="fig"}). Thus, O~2~^−^ would contribute to neutralize excess intracellular acidity and maintain membrane potential within limits compatible with virtually normal activity of NADPH oxidase. If the above hypothesis is correct, the expectation is that intracellularly generated H~2~O~2~ would be higher in the presence of Zn^2+^ because of the inward movement of O~2~^−^ to compensate for excessive membrane depolarization. A first indication supporting this possibility was obtained by comparing the amount of intracellular H~2~O~2~ generated in the absence and presence of Zn^2+^. This was calculated by subtracting the extracellular H~2~O~2~ (measured in the presence of SOD) to total H~2~O~2~ (measured in the presence of both SOD and NaN~3~). [Table 1](#t0005){ref-type="table"} shows that in Zn^2+^-treated cells the H~2~O~2~ of intracellular origin accounts for a higher proportion of the total generated H~2~O~2~ compared with that in control neutrophils. The finding that total H~2~O~2~ production (intracellular plus extracellular) measured in the presence of Zn^2+^ was inhibited by more than 95% by the NADPH oxidase inhibitor diphenyleneiodonium (data not shown) indicated that all generated peroxide derived from NADPH oxidase. Wortmannin, an inhibitor of PI3 kinase did not affect Zn^2+^-induced increase in intracellular H~2~O~2~ (18.1±4.6 nmol/30 min/10^6^ cells with 0.05 mM ZnCl~2~ and 16.8±4.1 nmol/30 min/10^6^ cells, mean±SD *n*=4, with 0.05 mM ZnCl~2~ plus 10 nM wortmannin). This suggests that such an increase is not due to the activity of an intracellular NADPH oxidase described a few years ago which, as opposed to plasma membrane NADPH oxidase, was shown to be wortmannin sensitive [@bib36; @bib37].

Inhibition of Hv1 channels increases the production of intracellular H~2~O~2~ {#s0100}
-----------------------------------------------------------------------------

Intracellularly generated H~2~O~2~ was measured using the DHR assay which has been shown to strongly depend on H~2~O~2~ and myeloperoxidase [@bib23]. In this assay the cell-permeant, nonfluorescent substrate DHR is converted into a bright fluorescent lipophilic cation, whose fluorescence is not altered by pH [@bib38]. However, intracellular accumulation of rhodamine 123 does not necessarily imply that the fluorescent product was generated by H~2~O~2~ produced within the cell. Extracellularly produced hydrogen peroxide may have diffused back into the neutrophils, traversing the plasma and organelle membranes. To exclude this possibility, samples were incubated with DHR and PMA in the presence of catalase [@bib21; @bib22; @bib23]. [Fig. 5](#f0025){ref-type="fig"} shows that the PMA-induced production of intracellular H~2~O~2~ is increased in a dose-dependent manner in the presence of Zn^2+^.

The results obtained with DHR were corroborated using a luminol-dependent chemiluminescence assay [@bib24]. [Fig. 5](#f0025){ref-type="fig"}B shows that, also using this assay, zinc caused a dose-dependent increase in intracellular ROS production. To confirm that the Zn^2+^-induced increase in intracellular production of ROS was secondary to inhibition of H^+^ channels, we exposed cells to gramicidin, a molecule that generates pores permeable to protons and other monovalent cations [@bib39]. Gramicidin was previously shown to restore normal extracellular hydrogen peroxide production in Zn^2+^-treated neutrophils [@bib7]. As [Fig. 5](#f0025){ref-type="fig"}C shows, gramicidin inhibited to some extent the response to PMA, however, it prevented the increase in chemiluminescence induced by zinc indicating that an artificial proton conductance restores normal intracellular ROS production as well.

Production of extracellular and intracellular ROS by control and Hv1 knocked-down PLB-985 cell clones {#s0105}
-----------------------------------------------------------------------------------------------------

An additional attempt to verify our hypothesis was made by comparing the extracellular and intracellular production of ROS by control and Hv1-kd PLB-985 cell clones, after granulocytic differentiation. Our prediction was that, because of the absent or strongly reduced H^+^ efflux, Hv1-kd clones would produce lower amounts of extracellular ROS than control clones. On the contrary, the opposite would be observed concerning intracellular ROS, i.e. higher amounts in Hv1-kd clone than in control clone. This was verified experimentally and the results reported in [Fig. 6](#f0030){ref-type="fig"} confirm that Hv1-kd cells produce less extracellular (panel A) and more intracellular (panel B) ROS than control cells. It is unlikely that these results depend on a differential capability of ROS generation by the two clones as they have been shown to express comparable amounts of different phox subunits (Nox2, p22^phox^ and p47^phox^) [@bib16].

Acidic extracellular pH increases generation of intracellular H~2~O~2~ by Human neutrophils {#s0110}
-------------------------------------------------------------------------------------------

Hv1 channels exhibit characteristic pH dependence in their gating [@bib40]. For example, it has been shown that the reversal potential for H^+^ currents in fMLP-activated neutrophils shifts from −52 mV with a pH~o~/pH~*i*~ ratio of 8.4/7.4 to +36 mV with a pH~o~/pH~*i*~ ratio of 6.8/7.4 [@bib41]. This means that at acidic pH~o~ a net proton efflux would occur at higher values of membrane depolarization and, in the meanwhile, accumulation of intracellular H^+^ would take place. If our hypothesis of the inward movement of O~2~^−^ down the electrochemical gradient is correct, then an increase in intracellular generation of H~2~O~2~ is expected to occur at acidic pH~o~. This was verified in experiments using a DHR assay, which detects intracellular production of H~2~O~2~. [Fig. 7](#f0035){ref-type="fig"}A shows that the PMA-induced increase in DHR fluorescence was higher at an acidic pH~o~ than at physiologic pH~o~. In agreement with this finding, we found that at pH 6.8 a higher portion of total H~2~O~2~ was from an intracellular source than at pH 7.4 ([Fig. 7](#f0035){ref-type="fig"}B).

Inhibition of Hv1 channels affects the rate but not the magnitude of membrane depolarization and cytoplasmic acidification. {#s0115}
---------------------------------------------------------------------------------------------------------------------------

The effect of Zn^2+^ on changes in membrane potential and pH~*i*~ induced by PMA is reported in [Fig. 8](#f0040){ref-type="fig"}. As expected, Zn^2+^ (0.1 mM) induced a significant increase in the rate of depolarization (45.2%±21.8%, mean±SD; *n*=5; *p*\<0.01) ([Fig. 8](#f0040){ref-type="fig"}B). Our results are in agreement with those reported by Rada et. al. [@bib42] who, using the same probe, found that Zn^2+^ caused a 31.7%±7.1% increase in membrane depolarization measured after 1 or 2 min after stimulation with PMA. However, we did not observe any effect of Zn^2+^ on the magnitude of depolarization (82.7%±17.1% of control, mean±SD; *n*=5, not significant) ([Fig. 8](#f0040){ref-type="fig"}C). Results similar to those reported above, i.e. increase in the rate of depolarization, no effect on the magnitude of the response, were also observed using 0.3 and 1 mM Zn^2+^ (data not shown). Failure to detect an increase in the extent of depolarization in Zn^2+^-treated cells was not because of constraints in the dynamic range of the fluorescence of the probe, as similar results were obtained using sub-optimal concentrations of PMA (0.5 ng/ml) that induce fluorescence changes corresponding to approximately 60% of those observed in [Fig. 7](#f0035){ref-type="fig"}A--C (data not shown). Since cytoplasmic acidification is an additional outcome of the inhibition of Hv1 channels the effect of Zn^2+^ on intracellular pH was also assessed. The effects were similar to those obtained on membrane depolarization. In fact, [Fig. 8](#f0040){ref-type="fig"} shows that inhibition of Hv1 activity by Zn^2+^ resulted in a significant increase in the maximal rate of acidification ([Fig. 8](#f0040){ref-type="fig"}D) but had no effect on the magnitude of the response ([Fig. 8](#f0040){ref-type="fig"}E), thus confirming that Zn^2+^ affects the rate but not the extent of intracellular positive charge accumulation.

Discussion {#s0120}
==========

Activation of NADPH oxidase is accompanied by the transport of electrons across the plasma membrane. This process is electrogenic and requires the movement of a compensatory charge to prevent excessive membrane depolarization and cytosolic acidification. Electrophysiological and fluorometric membrane potential studies have unequivocally demonstrated that human neutrophils express voltage-gated Hv1 channels, and it has been proposed that the greater part of charge compensation is mediated by protons [@bib4; @bib5; @bib43]. Experiments with a generation of mice bearing a mutation that disrupted the Hv1 gene, definitively proved that this is the only Hv1 of neutrophils [@bib8]. Proton flux through these channels is suggested to be necessary for sustained activity of NADPH oxidase [@bib2]. Conclusions regarding the crucial role of Hv1 in the modulation of RB in human neutrophils are based almost exclusively on the results obtained using Zn^2+^, the best-known and most potent inhibitor of these channels [@bib28; @bib29; @bib30]. However, we must be cautious in using Zn^2+^ in physiological media. For example, care should be taken when choosing the incubation buffer because several buffers bind the cation and reduce the free Zn^2+^ concentration; phosphate is the most commonly used buffer and it forms an insoluble complex with Zn^2+^ (the solubility product constant of ZnPO~4~ is 9×10^−33^). For this reason we used HEPES, which poorly binds Zn^2+^ [@bib44]. Furthermore, Zn^2+^ precipitates a variety of proteins [@bib45; @bib46; @bib47]: in fact, we observed that Zn^2+^ formed a precipitate with the BSA present in our cell suspension medium, and the amount of precipitate increased at concentrations above 1 mM (Supplementary [Fig. 1](#s0125){ref-type="sec"}). Therefore, all experiments were carried out in a protein-free medium. This emphasizes that caution should be exercised while interpreting the results of cell biology studies using Zn^2+^ in protein-containing media because protein--Zn^2+^ interactions are likely to occur even in the absence of obvious precipitation.

In addition, we found that incubation of neutrophils with Zn^2+^ caused a decrease in the number of cells in suspension (Supplementary [Fig. 2](#s0125){ref-type="sec"}) and that this was due to adherence ([Fig. 1](#f0005){ref-type="fig"}) and, in part, cell aggregation (Supplementary [Fig. 2](#s0125){ref-type="sec"}). Indeed, Zn^2+^ proved to be a trigger of neutrophil adhesion and such an adhesion was associated, at concentrations above 0.1 mM, with cell spreading ([Fig. 1](#f0005){ref-type="fig"}). Investigation on the mechanism(*s*) underlying the induction of adhesion by Zn^2+^ was beyond the aim of the present work. It is likely that such an activity is linked to augmentation of *β*~2~ integrin affinity for the substrate due to coordination by Zn^2+^ of the metal ion-dependent adhesion site of integrins [@bib48] as it has been previously observed with Mn^2+^ [@bib49]. In accordance with these observations, Zn^2+^ has been shown to stimulate adhesion of the human monocytic cell line U937 in a *β*~2~ integrin-dependent manner [@bib50].

In our assay of the RB, measured as O~2~ consumption, Zn^2+^ did not inhibit the PMA-induced response assessed both as *V*~max~ or cumulative uptake after 5 min incubation ([Fig. 2](#f0010){ref-type="fig"}). Other authors found an inhibitory effect of Zn^2+^ on the RB measured as O~2~ consumption [@bib31; @bib32; @bib51]. However, these studies were carried out using phagocytosable stimuli and the results of previous studies [@bib31; @bib32; @bib33; @bib34] and our own observations (data not shown) clearly demonstrate that Zn^2+^ is a strong inhibitor of phagocytosis. Hence, the logical conclusion is that inhibition of oxygen consumption observed in these studies is secondary to inhibition of phagocytosis. Our results on O~2~ consumption conflict with published data in which NADPH oxidase activity was measured as O~2~^−^ production (cytochrome *c* reduction, *L*-012 and lucigenin chemiluminescence) [@bib2; @bib7; @bib8; @bib9; @bib12] or H~2~O~2~ production (Amplex Red assay) [@bib6; @bib8; @bib9]. In fact, using these assays, Zn^2+^ was found to inhibit the RB of human and mouse neutrophils [@bib2; @bib6; @bib8; @bib9; @bib12] and neutrophils from Hv1-deficient mice exhibited a substantial reduction in O~2~^−^ and H~2~O~2~ production [@bib7; @bib8; @bib9]. We confirmed the results of the inhibitory effect of Zn^2+^ on the RB measured as O~2~^−^ production (cytochrome *c* assay) and H~2~O~2~ production (Amplex Red assay) ([Fig. 3](#f0015){ref-type="fig"}). We also found evidence that the inhibitory effect on O~2~^−^ production was neither because of a scavenging effect of the cation ([Fig. 3](#f0015){ref-type="fig"}C), which is in accordance with previous reports [@bib52; @bib53], nor because of a superoxide-like activity ([Fig. 3](#f0015){ref-type="fig"}D).

Oxygen consumption carried out in the presence of SOD and NaN~3~ ([Fig. 2](#f0010){ref-type="fig"}) is a measure of all O~2~ that is reduced to H~2~O~2~ by NADPH oxidase [@bib17]; O~2~^−^ and H~2~O~2~ production measured as described previously [@bib2; @bib6; @bib7; @bib8; @bib9; @bib12] and in [Fig. 3](#f0015){ref-type="fig"}, reflect extracellular production of ROS. The discrepancy between the results of the effect of Zn^2+^ on the RB measured as oxygen consumption and extracellular ROS production, led us to suggest a hypothesis to harmonize these observations. We propose that the extreme depolarization and increased cytosolic acidification caused by defective Hv1 activity give rise to an electrochemical gradient that directs part of O~2~^−^ generated by the plasma membrane-associated NADPH oxidase to the inside of the cell ([Fig. 9](#f0045){ref-type="fig"}). The net consequences of this would be threefold: (1) a decrease in extracellular generation of ROS accompanied by an increase in generation at intracellular level, (2) a contribution to restrain excessive depolarization and intracellular acidification, and (3) preservation of cell integrity and NADPH oxidase activity. The fact that inhibition of Hv1 does not modify NADPH oxidase activity is further substantiated by the observation that, similarly to what was observed for oxygen consumption, Zn^2+^, up to a concentration of 0.1 mM, does not affect total H~2~O~2~ production ([Fig. 4](#f0020){ref-type="fig"}). The inhibition observed at 0.3 mM Zn^2+^, which becomes evident after 5 min of incubation, may well be a consequence of the cellular effects of this cation, such as those on adherence and aggregation (as described above), phagocytosis [@bib31; @bib32; @bib33; @bib34; @bib51], the stability of cell membranes [@bib54], the integrity of enzymes of energy production and antioxidant defense [@bib55], and glucose uptake [@bib56] (we also found that in neutrophils, 0.3 mM Zn^2+^ inhibited by nearly 65% 1-^14^C-glucose uptake induced by 10^−8^ M fMLP; data not shown). An indication that the residual inhibitory effect of 0.3 mM Zn^2+^ on total H~2~O~2~ production after 5 min of incubation is likely to be unrelated to its inhibitory effect on Hv1 is given by the observation that the rate and extent of depolarization by 0.3 mM Zn^2+^ was the same as that induced by 0.1 mM Zn^2+^ (see "Results", description of [Fig. 8](#f0040){ref-type="fig"}B and C, data not shown). The above described adverse effects of zinc on cellular functions may well explain why inhibitions ≥80% of the RB were observed at Zn^2+^concentrations ≥1 mM [@bib2; @bib4; @bib6; @bib7; @bib8].

In the present study, we provide four lines of evidence supporting the fact that part of the O~2~^−^ produced by the plasma membrane-associated NADPH oxidase is released inside of the cell, in the absence of charge compensation by Hv1. First, in the presence of Zn^2+^, we found an increase in the fraction of H~2~O~2~ of intracellular origin contributing to the total H~2~O~2~ produced ([Table 1](#t0005){ref-type="table"}) accompanied by a decrease in extracellular O~2~^−^ and H~2~O~2~ ([Fig. 3](#f0015){ref-type="fig"}A and B). The possibility that such an increase might be due to permeation of the plasma membrane by extracellular O~2~^−^ via anion channels, as it has been hypothesized in a different context [@bib57] can be excluded since our assays of H~2~O~2~ were carried out in the presence of SOD. Second, using a DHR fluorescence assay and a luminol-dependent chemiluminescence assay we demonstrated that inhibition of Hv1 is accompanied by a dose-dependent increase in intracellular production of H~2~O~2~ ([Fig. 5](#f0025){ref-type="fig"}A and B). This last observation is supported by two studies [@bib11; @bib12] in which the oxidative metabolism measured as luminol-dependent chemiluminescence was slightly stimulated by Zn^2+^. It is noteworthy that in the same studies, Zn^2+^ instead, inhibited the RB measured as lucigenin-dependent chemiluminescence, which detects production of extracellular O~2~^−^. Third, supporting the above findings obtained using primary cells in the presence of Zn^+2^, are the results of our experiments performed with a granulocytic cell line severely deficient in Hv1 expression ([Fig. 6](#f0030){ref-type="fig"}). In fact, as expected on the basis of our hypothesis, these cells, as compared to control cells, exhibited a diminished production of extracellular ROS but an enhanced generation at the intracellular level. Finally, using an acidic pH~o~, which would give rise to a net proton efflux at higher voltages of depolarization and at lower pH~*i*~, we again found that the production of H~2~O~2~ at intracellular level was higher than that observed at pH 7.4 ([Fig. 7](#f0035){ref-type="fig"}A and B).

As far as the nature of the "return" pathway for O~2~^−^ in the cytoplasm is concerned, a scenario could be envisaged on the basis of the presumed electron pathway through the NADPH oxidase complex [@bib58]. The gp91^phox^ component of NADPH contains two non equivalent heme groups. It is unlikely that O~2~^−^ formed at the outer heme (heme~2~) could exit plasmamembrane NADPH oxidase toward the cytoplasm directly as this appears to be energetically unfavorable. The transfer of electrons from the inner heme (heme~1~) to heme~2~ is also energetically unfavorable, (the midpoint potential of heme~2~ is 40 mV more negative than heme~1~) with a restraining effect on electron transfer from heme~1~ to heme~2~. It might well be that, when Hv1 activity is inhibited, the highly positive intracellular potential exacerbates the restraining effect on electron transfer from heme~1~ to heme~2~ thus favouring direct electron transfer from the inner heme~1~ to O~2~ ([Fig. 9](#f0045){ref-type="fig"}). Superoxide thus generated, could then leave NADPH oxidase towards cytoplasm.

Extracellular acidosis is a condition commonly associated with inflammatory processes, where extracellular pH values as low as 6.1 have been documented [@bib59; @bib60]. If the activity of NADPH oxidase were solely controlled by Hv1, then the reduced proton efflux and the increase in depolarization brought about by the acidic pH~o~ of inflammatory exudates would cause a decrease in ROS production in a setting where microbicidal activity of neutrophils is essential to eliminate infection. Our findings showing an increased amount of H~2~O~2~ produced inside the cell at acidic pH~o~ ([Fig. 7](#f0035){ref-type="fig"}A and B) indicates that, even under unfavorable conditions for charge compensation via Hv1, an increase in intracellular release of O~2~^−^ can contribute to maintain depolarization and intracellular acidity within values compatible with the activity of NADPH oxidase. The non-essential role of Hv1 for optimal RB and antibacterial activity is further supported by the observations that killing of *Staphylococcus aureus* by human neutrophils, which is totally dependent on activation of the RB [@bib61], was not impaired or rather slightly increased by Zn^2+^ [@bib42], and that killing of the same microorganism was similar in normal and Hv1 knockout mice [@bib8].

Taken together, the results presented in this paper suggest that, in the absence of functionally active Hv1 channels, other mechanisms might operate to counteract depolarization and maintain NADPH oxidase activity.

In this paper we provide evidence for a novel, unpredicted mechanism of charge compensation relying on the involvement of the superoxide anion that is released to the inside of the cell down the electrochemical gradient. It remains to be verified whether the mechanism we propose can be extended to other phagocytes and/or inflammatory cells (e.g., monocytes, macrophages, eosinophils) which express Hv1 channels and generate large amounts of ROS. If this were the case, it could be envisaged that the intracellular release of O~2~^−^, apart from its role in charge compensation and sustainment of NADPH oxidase activity, could be viewed as a way to limit ROS-mediated tissue damage by inflammatory cells.

Other mechanisms, such as potassium fluxes [@bib62] and chloride transport through swelling-activated chloride channels [@bib63], have been proposed to contribute to charge compensation. Under normal conditions, it has been estimated that potassium fluxes contribute a small fraction (5--7%) to charge compensation. When Hv1 are inhibited or absent as in Hv1 knockout mice, an increase in potassium fluxes and chloride transport as well as the intracellular production of O~2~^−^, as proposed in this study, may compensate for the deficient Hv1 activity. The hypothesis that charge-compensating mechanisms other than Hv1 come into play when proton flux is blocked is supported by the observation that Zn^2+^ does not cause an increase in the degree of depolarization and cytosolic acidification ([Fig. 8](#f0040){ref-type="fig"}).
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![Effect of Zn^2+^ on neutrophil adhesion. (A) Neutrophils (0.75×10^6^ cells/ml in HBS) were added in 0.1 ml aliquots to microtiter plate wells coated with BSA. After equilibration at 37 °C for 10 min, ZnCl~2~ was added (final volume 0.15 ml) and incubation was continued for an additional 45 min. The plates were then centrifuged upside down for 5 min at 200*g* to remove non-adherent cells. Adhesion was quantified by measuring myeloperoxidase activity as detailed in Materials and Methods. Data are means±SEM of four experiments performed in duplicate. (B--H) Phase contrast images of control and Zn^2+^-treated neutrophils residing on BSA-coated surfaces. Neutrophils (0.12×10^6^ cells in 0.3 ml HBS) were incubated for 60 min at 37 °C in 8-chamber tissue culture treated glass slides coated with BSA in the absence (B) or presence (C--G) of various Zn^2+^ concentrations. On completion of the incubation, the cells were fixed in glutaraldehyde (0.2% v/v in PBS) and observed under phase contrast. Photomicrographs show representative microscopic fields of control neutrophils (B) and neutrophils incubated with 0.01 (C), 0.05 (D), 0.1 (E), 0.3 (F) and 1 mM (G) ZnCl~2~. Similar pictures were obtained in three experiments. Original magnifications: ×400 (B--G), ×1000 (H).](gr1){#f0005}

![Zn^2+^ does not inhibit oxygen consumption in PMA-stimulated neutrophils. Oxygen consumption was measured polarographically with a Clark-type oxygen electrode at 37 °C under continuous stirring. Neutrophil suspensions (3--5×10^6^ cells) were allowed to equilibrate in HBS containing SOD (5 μg/ml) and sodium azide (100 μM). Once a stable base line was recorded, the RB was triggered by adding PMA (final concentration, 100 ng/ml). Final volume 1 ml. (A), Representative polarographic traces of O~2~ uptake performed with control cells (a), and cells exposed to 100 μM (b) and 300 μM ZnCl~2~ (c). Data in (B) (*V*~max~, nmoles of O~2~ consumed/min) and (C) (nmoles of O~2~ consumed/5 min) summarize the results obtained in five to seven experiments performed in duplicate (means±SD). ns: not significant.](gr2){#f0010}

![Zn^2+^ inhibits extracellular production of O~2~^−^ and H~2~O~2~. (A) Time course of O~2~^−^ production assessed by the cytochrome *c* reduction assay. Neutrophils (75,000/well) were incubated at 37 °C with PMA (final concentration, 25 ng/ml) in the absence or presence of various concentrations of ZnCl~2~ in 96 well plates. (B) Time course of H~2~O~2~ production assessed using the Amplex Red assay. The assay medium contained SOD (5 μg/ml). The cells (25,000/well) were incubated at 37 °C in the presence of PMA or PMA with various concentrations of ZnCl~2~ in 96 well plates. For other experimental details, see Materials and Methods. (A) and (B), The means of three to five experiments performed in duplicate are reported. Bars indicate ±SEM and are not shown when smaller than the symbols. (C) Time course of O~2~^−^ generation by the xanthine--xanthine oxidase system measured by a cytochrome *c* reduction assay. For assay conditions see Materials and Methods. (D) Time course of H~2~O~2~ production by the xanthine--xanthine oxidase system measured by the DHR oxidation assay in the presence of HRP. For assay conditions see Materials and Methods. Data are from one experiment, performed in duplicate representative of three that gave similar results.](gr3){#f0015}

![Effect of Zn^2+^ on total production of H~2~O~2~. Time course of H~2~O~2~ production was assessed using the Amplex Red assay as described in Materials and Methods. The incubation medium contained SOD (5 μg/ml) and sodium azide (100 μM). The cells were incubated at 37 °C with PMA (final concentration, 25 ng/ml) in the absence or presence of various concentrations of ZnCl~2~ in 96 well plates. The means of four to six experiments performed in duplicate are reported. Bars indicate±SEM.](gr4){#f0020}

![Zn^2+^ increases the production of intracellular ROS. (A) Time course of intracellular generation of H~2~O~2~ was assessed using a DHR assay in the presence of catalase (final concentration, 500 U/ml) as described in Materials and Methods. Final concentration of PMA was 25 ng/ml. The means of four to six experiments performed in duplicate are reported. Bars indicate ±SEM Significance of the effect of Zn^2+^ was calculated by *t* test on the areas under curves (AUCs). ▼, *p*\<0.03; ◆•, *p*\<0.003. B and C, Time course of intracellular generation of ROS assessed using a luminol-amplified chemiluminescence assay in the presence of catalase (500 U/ml) and superoxide dismutase (5 μg/ml) as described in Materials and Methods. Gramicidin was used at 1 μg/ml. Final concentration of PMA was 25 ng/ml. The results of one of three qualitatively similar experiments performed in duplicate are shown.](gr5){#f0025}

![ROS production by control and Hv1-knocked-down PLB-985 cell clones after granulocytic differentiation. The clone F2, with severely reduced expression of Hv1, and the control clone E9 were induced to differentiate into neutrophil granulocyte like cells by incubation with 0.5% dimethylformamide. Extracellular (A) and intracellular (B) ROS generation were measured by the Amplex Red assay and the DHR assay, respectively, as described in Materials and Methods. The Amplex Red assay was performed in the presence of SOD (5 μg/ml) and the DHR assay was carried out in the presence of catalase (final concentration, 500 U/ml). Final concentration of PMA was 25 ng/ml. For other experimental details, see Materials and Methods. The means±SEM of five experiments performed in duplicate are reported. Significance of the differences between E9 and F2 responses (*p*\<0.008 and *p*\<0.03 for Amplex Red assay and DHR assay, respectively) was calculated by *t* test on the areas under curves (AUCs). The insets in A and B show the results obtained after 30 min of incubation. ^\*\*^*p*\<0.002, ^\*^*p*\<0.025.](gr6){#f0030}

![Acidic extracellular pH increases the generation of intracellular H~2~O~2~. Intracellular generation of H~2~O~2~ was assessed using the DHR assay (A) or the Amplex Red assay (B) as described in Materials and Methods. For these experiments HBS containing 10 mM HEPES adjusted to pH 6.8 and 7.4 with HCl was used. The DHR assay (A) was carried out in the presence of catalase (final concentration, 500 U/ml). Final concentration of PMA was 25 ng/ml. The means±SEM of three experiments performed in duplicate are reported. Significance of the effect of pH~o~ 6.8 vs. pH~o~ 7.4 (*p*\<0.05) was calculated by *t* test on the AUCs. For the Amplex Red assay (B) two parallel sets of samples were set up for each pH~o~ condition, one containing SOD (5 μg/ml), the other SOD plus NaN~3~ (100 μM). Intracellularly generated H~2~O~2~ was calculated at the indicated incubation times by subtracting the amount of H~2~O~2~ measured in the presence of SOD (extracellular) to that measured in the presence of SOD and NaN~3~ (intracellular plus extracellular). Final concentration of PMA was 25 ng/ml. Data are means±SEM of eight experiments performed in duplicate. Significance of the effect of pH~o~ 6.8 vs pH~o~ 7.4 (*p*\<0.01) was calculated by *t* test on the AUCs.](gr7){#f0035}

![Effect of Zn^2+^ on changes in membrane potential (A--C) and pH~*i*~ (D and E) in PMA-stimulated neutrophils. (A) Representative traces of changes in di-O-C~5~(3) fluorescence of PMA-stimulated neutrophils. Once a stable fluorescence level was recorded in di-O-C~5~(3)-equilibrated neutrophils, PMA (10 ng/ml) was added to the incubation mixture. For other experimental details, see Materials and Methods. The spikes seen upon PMA addition are artifacts caused by opening and closing of the sample compartment. Time scale and percent full-scale fluorescence are indicated. B Fluorescence changes (ΔFU) expressed as *V*~max~. (C) ΔFU after 8 min of stimulation. Data in B and C are means±SD of four to six experiments performed in duplicate. ^⁎^*p*\<0.02; ns, not significant. (D) maximal rate (*V*~max~) of cytoplasmic acidification expressed as FU/min. E, pH~*i*~ after 12 min of incubation without (basal) and with PMA (10 ng/ml). Neutrophils were preloaded with BCECF, washed and tested for fluorescence changes as described in Materials and Methods. Data in (D) and (E) are means±SD of three experiments performed in duplicate. ^⁎^*p*\<0.02; ns, not significant.](gr8){#f0040}

![Voltage-gated proton channels and charge compensation during the respiratory burst. *Left panel*: in response to soluble stimuli such as PMA, NADPH oxidase assembles at the plasma membrane. Electrons from cytoplasmic NADPH are translocated by membrane NADPH oxidase across the plasma membrane to reduce O~2~ to O~2~^−^. For each electron removed from the cell one proton is left behind. This leads to membrane depolarization and decrease in pH~*i*~. H^+^ efflux through proton channels is considered to account for the bulk of charge compensation [@bib28]. *Right panel*: we propose that in the absence of proton channel activity the ensuing extreme depolarization and decrease in pH~*i*~ would favor electron transfer to oxygen not only from the outer heme but also from the inner heme of gp91^phox^ (see Discussion). Superoxide thus generated would then move intracellularly down electrochemical gradient thereby contributing to charge compensation and maintainment of NADPH oxidase activity. In the absence of Hv1 activity, other charge compensation mechanisms such as chloride and potassium fluxes as depicted, may take part in charge compensation.](gr9){#f0045}

###### 

ZnCl~2~ enhances the generation of intracellular H~2~O~2~.

  ZnCl~2~ (mM)   Intracellular H~2~O~2~[a](#tbl1fna){ref-type="table-fn"} (nmoles/10^6^ cells)
  -------------- -------------------------------------------------------------------------------
  --             4.3±2.5 (6.0)[b](#tbl1fnb){ref-type="table-fn"}
  0.02           9.8±2.8[\*\*](#tbl1fnStarStar){ref-type="table-fn"} (14.8)
  0.05           18.4±4.9[\*\*](#tbl1fnStarStar){ref-type="table-fn"} (28.2)
  0.1            24.7±4.0[\*\*](#tbl1fnStarStar){ref-type="table-fn"} (42.0)

Production of H~2~O~2~ was assessed using the Amplex Red assay as described in Materials and Methods. Two parallel sets of samples for each condition were set up, one containing SOD (5 μg/ml), the other SOD plus NaN~3~ (100 μM). Intracellularly generated H~2~O~2~ was calculated by subtracting the H~2~O~2~ measured in the presence of SOD (extracellular) to that measured in the presence of SOD and NaN~3~ (total, intracellular plus extracellular), after 30 min of incubation with 25 ng/ml PMA.

In parenthesis the data are expressed as percent of total H~2~O~2~. Data are means±SEM of five experiments performed in duplicate.

*p*\<0.01.
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